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SUMMARY 
The objective of this study was to determine the capa-
bilities, limitations and operating characteristics of elec-
tro-magnetic flux clutches in order to evaluate their effec-
tiveness in a space vehicle application. 
In order to accomplish this goal, clutch manufactur-
ers were asked to supply data for a survey to determine the 
types of clutches available. From these data, several 
clutches were selected as characteristic of the industry and 
were obtained for the purpose of laboratory testing. In 
addition, a survey was made of the current technical litera-
ture concerning electro-magnetic flux clutches and clutch 
couplings. 
From the literature survey, a complete discussion is 
given on the operating characteristics of the three different 
electro-magnetic flux clutches. Experimental tests, devised 
to supplement this information, showed the magnetic particle 
clutch as being susceptible to change in particle distribu-
tion. Also, the torque time response was found to be a non-
linear function of the coil current and slip-speed. A high 
temperature test showed the coil resistance to increase with 
X I V 
temperature. However, despite the inference in the litera-
ture that this increase in coil resistance was capable of 
protecting the clutch from over-heating, this was not found 
to be true. Similar tests were performed on a hysteresis 
clutch showing it to conform closely to the published 
characteristics. 
A summary of the analytical and empirical mathemat-
ical relationships available to describe clutch performance 
is included. Equations are given relating steady-state 
torque level to the steady-state current level and the torque 
as a function of time to the coil flux for a magnetic-par-
ticle clutch, as well as a transfer function relating flux 
to coil current. Semi-empirical equations for hysteresis 
and eddy-current torque are presented-
A survey was made of the physical and performance 
characteristics of commercially available clutches on the 
basis of clutch vendor literature. Various performance indi-
ces were calculated. These showed electro-magnetic flux 
clutches have a torque to weight ratio as great as 23.0 
(in.-lb/lb); a torque to volume ratio as great as 1242 x 10 
9 
(in.-lb/in.-lb-sec ); and a linear power gain in excess of 
1900 (watt/watt). 
Finally, an energy analysis was made in order to de-
termine the maximum amount of energy any particular clutch 
XV 
is capable of dissipating. A general expression for the 
energy developed in a single clutch cycle is given. A dis-
cussion is included regarding the means of dissipating energy 
through the various modes of heat transfer. Equations for 
the radiant heat transfer from the clutch to its surroundings 
are presented, and possible improvements are suggested. 
CHAPTER I 
INTRODUCTION AND HISTORICAL BACKGROUND 
Clutches have long been used as a convenient means of 
connecting a power-driven shaft with a load carrying shaft. 
The most common clutches are mechanical contact, fluid and 
electro-magnetic flux devices. The purpose of this work is 
to investigate electro-magnetic flux devices. 
From a historical standpoint the induction clutch 
coupling, commonly called an eddy-current clutch coupling, 
was the first electro-magnetic clutch (E.M.C.) to be devel-
oped. The initial work on the particle clutch was accom-
plished in 1948 by J. Rabinow (3), of the United States 
National Bureau of Standards, As a result of its slow evo-
lution through industrial research, the hysteresis clutch 
has only recently found widespread, use, 
The search for applications of the various types of 
electro-magnetic flux clutches and couplings has led to a 
great many varied and interesting mechanisms. It is, there-
fore, reasonable to expect that the electro-magnetic flux 
it 
See R. i. Anderson (1) and W. A. Jones for discus-
sions of mechanical contact clutches and fluid couplings, 
respectively. 
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clutch has been and is being considered for various space-
oriented applications. 
Objective 
The objective of this work is to compile information 
about the various types of electro-magnetic flux clutches 
and couplings commercially available, and forecast their 
usefulness in a space application. To accomplish this end 
the author has surveyed the clutch manufacturers and read 
the current literature to obtain data for the comparison of 
the various magnetic flux clutches. In addition, several 
clutches were selected as representative of the industrial 
types and were subjected to laboratory testing0 It should 
be noted, however, that the clutches selected for testing 
were not necessarily designed for space applications. It 
is hoped, however, that an extrapolation of the data obtained 
for a clutch or clutch coupling may be useful in designing 
for space use. 
Types of Clutches Investigated 
There are basically three types of electro-magnetic 
flux clutch couplings. These are the eddy-current clutch 
coupling, the hysteresis clutch and the mEignetic-particle 
clutch. All three types of devices have found well-defined 
3 
areas of application* 
A distinction should be made between a clutch cou-
pling and a clutch. The literature usually designates a 
clutch as a load-carrying coupling capable of total disen-
gagement of input and output shafts and the total engage-
ment of the input and output shafts. The clutch coupling 
differs by not having the capability of total engagement, 
i 0e 0 non-slip operation. 
The eddy-current or induction device is a clutch cou-
pling since it is not capable of non-slip operation. The 
reason for this continuous slippage operation will be ex-
plained later in this chapter. 
The eddy-current clutch coupling has found wide-
spread application in heavy-duty velocity control systems. 
A typical application is that of a diesel railroad locomo-
tive. Here, the diesel engine drives a d.c. generator whose 
output is then used to drive the electric drive-wheel motors. 
For reasons of efficiency, it is best to maintain the diesel 
engine's speed relatively constant. This in turn produces 
a constant generator output power. In order to control the 
operating speed of the motor a large shunting resistor would 
be required to change the power input to the motor. This 
would certainly reduce the overall operating efficiency of 
4 
fhe system. However, the introduction of an eddy-current 
clutch-coupling between the drive motor and the drive wheels 
eliminates the need for the inefficient shunting resistor. 
Also, this mode of operation allows an extremely easy control 
of locomotive speed. 
The transmitted power for a standard eddy-current 
clutch coupling may range from one horsepower to one-hundred 
and twenty-five horsepower. And, specially designed units 
may transmit even greater amounts of power. The most sali-
ent characteristic of the eddy-current clutch coupling is 
that its transmitted torque is directly proportional to both 
its slip speed and control current. 
I'he hysteresis clutch is a true clutch in that it is 
not necessary for the device to operate in continuous slip. 
It is usually applied in the same type of application as the 
eddy-current clutch. However, because its bulk increases 
greatly as the power to be transmitted, it is usually limit-
ed to an intermediate power range, that is, less than one 
horsepower. 
The hysteresis clutch is characterized by an extreme-
ly smooth operation, a near-linear torque variation with 
control current, no wear or in-service adjustments, and a 
very stable torque control. 
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The hysteresis clutch finds wide-spread application 
when an extremely smooth actuation cycle is required and/or 
the power to be transmitted is beyond thcit of the magnetic-
particle clutch but not in excess of about one horsepower 
(746 watts). 
J. Winston (4) discusses the application of the hys-
teresis clutch to an high-power positioning servo system. 
This requires that the displacement of the controlled vari-
able be completely reversible in any given operating inter-
val, In order that the drive motor operate at a constant 
velocity, the clutches must be arranged in a so-called 
"push-pull" configurationo This arrangement is indicated 
in Figure 1. It is evident, however, that this arrangement 
requires that for continuous control one of the clutches 
must always be operating in slip. This condition is not ob-
jectionable as long as the energy dissipated does not raise 
the temperature of the system above that for which the elec-
trical wire insulation will break down. 
Figure 2 shows a typical velocity feedback position-
ing servo as discussed by Winston in reference (4). 
The magnetic-particle clutch finds application in 
similar types of systems as the hysteresis clutch. However, 
its transmitted power is, in general, much less than that of 
Drive 
Motor 
Clutch I Clutch 2 
Load 
Figure 1. Two Clutches in Push-Pull Arrangement 
Drive Motor 
1 




Load .© . 






Figure 2. Block Diagram of Positioning Servo with 
Push-Pull Clutch Arrangement 
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the hysteresis device. 
The particle clutch has operating characteristics 
similar to those of the hysteresis clutch except that it is 
usually smaller in physical size, has a somewhat faster re-
sponse time, and displays less linearity and smoothness in 
its actuation. 
Means of Operation 
All electro-magnetic flux clutches are similar in 
their basic means of operation. That is, all flux clutches 
use an electrical current to produce an electro-magnetic 
field. Torque is produced by some interaction of this force 
field with its surroundings. The different means of inter-
action produce three basic types of electro-magnetic clutches 
and clutch-couplings. 
Each of the electro-magnetic devices has three basic 
components; namely, an input rotor, a current-carrying coil 
and an output rotor. In general, the input rotor is of high 
inertia and the output of low inertia. The cqil may be at-
tached to, and hence rotate with, the input rotor or may be 
stationary. 
If the coil is attached to the rotor, slip rings are 
required to transmit current to the coil. The advantage of 
the stationary coil is that, no such slip rings are required. 
8 
However, in the case of the stationary coil the field pro-
duced in the rotor for a given current is less than that of 
the rotary coil. Since the torque transmitted is directly 
proportional to the field in the input rotor, the relative 
configuration might be of consequence in any particular de-
sign application. 
As previously stated, the eddy-current clutch cou-
pling operates in continuous slip. The basic configuration 
of the eddy-current clutch coupling is shown in Figure 3. 
When the current-carrying coil is energized a magne-
tic field is set up in the multi-pole rotor as shown in the 
diagram. Since the air gaps between input and output rotors 
are small as compared to that between the pole pieces, all 
the magnetic flux from t.he poles on one end of the coil is 
magnetically connected through the output rotor to the poles 
on the other end of the coil. Hence, a complete magnetic 
circuit is accomplished from, the input to the output rotor 
:v d back to the input rotor. The flux in the output rotor 
is concentrated immediately opposite the poles of the input 
rotor. Therefore, if there is any relative motion between 
the two rotors the line of travel of the flux concentration 
remains opposite the input rotor poles. As the flux concen-





Output Shaft With Drum 
Figure 3. Typical Eddy-current Clutch Coupling Configuration 
<D 
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eddy-currents are induced in the output rotor itself. These 
currents in turn produce secondary magnetic fields which 
oppose those originally produced by the coil current„ The 
interaction of the two fields produces a torque in the out-
put rotor which tends to rotate it in the sane direction as 
that of the input rotor (5). 
There is no uniqueness as to designation of input or 
output shaftso If the so-called output shaft were the driver 
shaft, then the remaining shaft would tend to follow in the 
same manner as previously described. However, since the 
clutch coupling usually has the task of accelerating the 
driven member, it is most economical to have the input of 
the clutch coupling be the rotor with the largest inertia, 
If the device has a rotary coil then the input shaft should 
be as noted in Figure 3. 
If the device has a stationary coil the coil is phys-
ically located within the input rotor, Hence, there is 
necessarily an air gap between the coil and its core and the 
input rotor. This additional air gap necessarily reduces 
the flux concentration in the driven rotor resulting in a 
reduced torque <, 
A typical cross-sectional drawing of an hysteresis 
clutch is shown in Figure 4* This diagram shows the three 
High Hysteresis Ring 
Output Shaft 7 
Slip Rings 
Magnetic Path 
^ Input Shaft 
Figure 4. Typical Hysteresis Clutch 
H 
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basic components of an electro-magnetic flux device; the in-
put rotor, coil and output rotor„ As with the eddy-current 
clutch coupling the coil is usually wound upon the input 
shafto The output rotor is actually cup-shaped and has the 
added feature of an high hysteresis metal ring pressed into 
it and placed opposite the coil. 
When the coil is energized the magnetic flux path 
created passes through the ring in a manner similar to the 
eddy-current device. However, unlike the situation in the 
eddy-current device, relative motion between the input and 
output shafts is not required to transmit torque. 
Figure 5(a) shows a schematic of the hysteresis ring 
in the field of the coil. Since the magnetic field may be 
considered a vector quantity, the minute arrows in the ring 
indicate the direction of the flux in each indicated segment 
of the ring. 
In Figure 6 the solid line curve is the average mag-
netization curve. As each segment of the ring rotates 
through 360° with respect to the coil, its magnetic state 
may be indicated on this average curve. A segment of ring 
at point A in Figure 5(a) has an initial magnetic state cor-
responding to point (e_) on Figure 6. As the segment is ro-
tated to point 13 the flux density increases to a maximum at 
13 
a) Along Average Magnet-
ization Curve 
b) Hysteresis Components 




Figure 6. Average Magnetization Curve and Major 
Hysteresis Curves 
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point (jf)-. Rotating the segment to points £, D, and return-
ing to A allows the segment to have a flux density correspon-
ding to points (e) , (f) and (e_) , respectivelyo 
Torque can be produced between the rotating magnetic 
field and the rotating ring only when the direction of the 
vectorial sum of the flux in the coil segments is different 
th<\n that of the coil itself. Figure 5 (a) shows that opera-
tion along the average magnetization, curve produces a net 
fiux in the ring in exactly the same direction as the coil 
field, and therefore, no torque is produced. 
The ring is constructed of some high hysteresis ma-
terial such as hardened cobalt steel. The hysteresis com-
ponents of the flux, however, allow the direction of net 
flux in the ring to be mis-aligned with the coilo Refer-
ring now to Figure 5(b) and the dotted curve in Figure 6, 
the magnetic state of the ring segments may again be traced 
through a complete revolution with respect to the coils. 
At point A on the ring the magnitude of the flux is 
Hjwjay and indicated as such in Figure 6. As the segment ro-
tates to point 13 the field strength diminishes. During this 
phase of the rotation, the major hysteresis curve in Figure 
6 has been traversed from points (a.) to (_f) . As the ring 
segments arrive at point Ĉ  the strength of the field is again 
15 
a lainimtam and returns to its original maximum at point AQ 
This corresponds to traversing the hysteresis curve from (_f) 
to {c) to (d.) and returning to (_a) . 
Referring to Figure 5(b), it is possible to see the 
axis of the magnetic flux in the ring is in quadrature with 
that of the coil. Such a combination of fields will produce 
a i;>:rque between the coil and the ring. 
The strength of the induced pole in the ring, and 
hence the transmitted torque, is a function only of the area 
enclosed by the major hysteresis curve in Figure 60 This 
pole strength is completely independent of the relative 
speed between the ring and the coil, 
A complete discussion of the means of operation of 
the hysteresis clutch may be found in references (4) and 
(6) of the Bibliography. 
The electro-magnetic particle clutch differs from 
the eddy-current and hysteresis devices in that there is a 
physical working medium in contact with both the input and 
output rotors, 
Figure 7 shows a typical particle clutch cross-sec-
tion o Again the three basic components are present„ In 
most cases, the coil is an integral part of the input rotor„ 
However, as in the other types of clutches the coils may be 
Working Gap Filled With 
Magnetic-Particle Dust 
Figure 7. Typical Magnetic-Particle Clutch 
Cft 
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stationary but only with a corresponding decrease in the 
maximum transmitted torque„ 
1Jhe clutch operates on a very simple principle., When 
the coils are energized the magnetic flux path traverses the 
air gap which contains a fine metallic powder and the lip of 
the output rotor or umbrella. The field itself magnetizes 
the individual particles and causes the particles to form 
into chains spanning the gap and touching both input and 
output rotorso Naturally, these particles exert a force 
on both the input rotor and umbrella0 Therefore, if there 
is any torque to be transmitted the static friction between 
the rotor and the particles themselves and the output umbrel-
la allows this torque to be transmitted from one shaft to 
the otherc If there is slippage between the input and out-
put; shafts the kinetic friction between particles and rotors 
becomes the torque-producing agent, (3), (7), (8). 
Additional Literature 
"The Bibliography shows a number of references not 
directly used in this work. These are a very few of the 
great numbers of articles appearing in the literature con-
cerning the application of electro-magnetic clutches and 
clutch couplings to new and varied areas. However, several 
authors and publications should be mentioned. 
18 
The most basic portion of any work involving clutches 
and their use is a thorough understanding of how past de-
signers have used the various clutches and clutch couplings 
in their designs. For this reason several articles are here 
cited, not necessarily because they deal with electro-mag-
netic flux devices, but rather because they deal with the 
classical approaches to designing a clutching system, 
Reference (9) is an article presented as a survey of 
the technical "know-how" of clutch engineering., Although 
written in 1952 the essence of the article is completely 
contemporaryo However, caution should be observed in the 
use of the numerical data presented, as it is not a true 
indication of present-day production equipment, 
Reference (10) discusses the use of an electrically-
actuated friction clutch to an off-on-modulated reversing 
clutch servo system. Although the magnetic-particle clutch 
was not an applicable device for this system when the arti-
cle was written in 1953, recent designs for the particle 
clutch have all but completely eliminated the friction 
clutch from this type system*, 
References (11), (12), and (13) are included as addi-
tionRil guides to present-day use of all types of clutches in 
actual systems, 
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All three types of electro-magnetic flux devices are 
characterized by their lack of wearing pcirts when operated 
in continuous slip0 This allows their use in systems in 
which amounts of mechanical energy must be removed from the 
system for periods of time. 
As a result of the direct dependence of transmitted 
torque on clutch coil excitation it is possible to use the 
electro-magnetic clutch as a torque-limiting device„ Ap-
plications in this manner might include winding and wrapping 
operations on a production line, 
The Russians as reported by Vorb'yeva, (7), have done 
a great deal of work on both analytical and empirical inves-
•:...igat.ions of electro-magnetic flux devices- VorbByeva pre-
sents a series of cut-away drawings showing a great number 
of the possible configurations for magnetic-particle clutches= 
Indeed, several of these designs are currently used in the 
United States. However, several are unique and may possi-
bly improve clutch performance in any given specific appli-
cation o Figure 8 is a reproduction of the configuration 
design flow-chart as presented by Vorb'yeva,(7), page 62c 
This chart and its accompanying clutch cross-sectional draw-
ings, systematically organize the search for useful clutch 
configuration design studies. 
Magnetic particle couplings 
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Figure 9- Classification of Possible Hysteresis and 
Induction Clutch Configurations (after Vorob'yeva) 
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Vorb'yeva presents another configuration design flow-
chart dealing with the induction clutch coupling and the hys-
teresis clutch. This flow-chart is reproduced in Figure 90 
It should be noted that the Russians refer to an eddy-current 
clutch coupling as an "asynchronous induction slip-clutch.," 
Also, the hysteresis device is referred to as a "synchronous 
induction slip-clutcho" The Russian nomenclature has been 
preserved in Figure 9* Also, included in the discussion 
(reference 14) are several cut-away drawings of the designs 
classified in Figure 9U 
Additional application and dê sign information on the 
eddy-current and hysteresis devices may be obtained from 
references (4), (15), and (16). 
Additional references for the application and design 
of the magnetic particle clutches are given in the Bibliog-
raphy, (17) through (2 7) , 
CHAPTER II 
EXPERIMENTAL 1IWE STIGATION 
Purpose of Investigation 
The purpose of the experimental investigation was to 
obtain the necessary data to accomplish the particular ob-
jectives mentioned in Chapter L 
Specifically, information was desired as to the di-
rect dependence of the transmitted torque on the coil con-
trol currento Also, in order to aid the designer, it was 
felt chat the time history of the transmitted torque should 
be documented,, In general, the clutches were tested to see 
if the torque or time response is seriously affected by any 
particular condition of application. 
After collecting the experimental data, a comparison 
was made with current vendor clutch specifications<> Company 
names will be associated with particular clutches only for 
the purpose of identification. No attempt is made to com-
pare or rate clutches according to their manufacturers,, 
"he result of the investigation and comparison should allow 
the designer to compare the clutch types as to their possi-
ble application in any design, in particular, with respect 
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to applications in a space environment. 
Tests and Experimental Equipment. 
Basically, two tests were performed on each clutch. 
The first was to determine the torque dependence upon coil 
current in a static condition. The second was to determine 
the torque and current time history at various current 
levels and at various values of initial slip speed= 
Figure 10 shows a sketch of the test apparatus ar-
rangement used to determine the static torque versus coil 
current characteristics• The general procedure was as fol-
lows o The clutch was energized by a given constant coil 
currento The corresponding torque capability of the clutch 
was found by slowly loading the water weight- The torque 
at which the clutch slipped was considered, its torque capa-
bility,, The results of these tests will be discussed in 
Chapter i n . 
The second series of tests were performed to determine 
torque time histories of each clutch using the test apparatus 
shown in block diagram form in Figure 11„ This system em-
ploys a feedback control to maintain a near constant clutch 
input shaft velocity during testing.. The central source of 
power is a hydraulic power supply- This feeds a hydraulic 




























































Figure 11. Block Diagram of Experimental System 
ro 
2? 
back is supplied by a d0c8 generator geared to the input 
shaft of the clutch to be. tested^ For reasons of stability 
the output of the feedback generator was passed through a 
'lew-pass81 filter before entering the summing circuit,, The 
control error was fed through a d.c. amplifier to the servo-
valveo The flywheel serves to aid in maintaining input 
speed at a near constant level while the clutch itself is 
being activated., 
Clutches normally drive some type of inertial load„ 
However, it has been noted that the torque characteristics 
of the clutch are the same regardless of the size of the 
load inertia.* Hence, the output shaft was rigidly secured 
to simulate an infinite load inertia, totally eliminating 
any motion of the. output rotor of the clutch, 
A visual check was maintained on the velocity of the 
clutch input shaft. This was accomplished by counting, with 
a digital counter, signals produced by a photo-sensitive 
monitor placed adjacent to the teeth of a polished gear on 
the clutch shaft. 
The torque produced by the test clutch was monitored 
by a torque transducer placed in line between the clutch and 
the rigidly-secured shaft (i0e0, infinite load inertia),, 
" *See R» I. Anderson, (1), ppc 11-12. 
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rhe torque transducer's signal was amplified prior to perma-
nent reccrding on either the strip-chart recorder or the 
mem.ory scope„ Because of the extreme sensitivity of the 
scope, a noise filter was placed between the pre-amplifier 
and the scope. Because of the relatively slow rise time 
of the electro-magnetic flux clutches tested, satisfactory 
results were obtained with the strip-chart recorder<> A 
detailed description of the test apparatus is given in Ap-
pendix Ac 
At a fixed current level the clutch was activated 
with a slip-speed of 300 revolutions per minute (rpm)„ The 
actuation, was repeated several times to insure a reproduc-
ible result0 Then using the same coil-current level the 
test was repeated for slip speeds of 650 and 1000 revolu-
tions per minute. The torque time histories for these tests 
were collected using the strip-chart recorder as discussed 
earlier. 
The torque time history was then investigated to de-
termine its dependence upon the magnitude of the initiation 
current„ Here, a slip-speed of 1000 revolutions per minute 
was maintained while clutch actuation took place for at 
least three different, current levels. The magnitudes of 
current varied from clutch to clutch* This was a result of 
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the varying current requirements of each clutch. 
A special actuation circuit was built for the purpose 
of improving the time, response of clutch engagement. The 
characteristics of this circuit will be discussed in the 
next, section of this chapter• 
The test procedure involved operating the clutch at 
a slip-speed of 1000 revolutions per minute and then actua-
ting the clutch with the special circuit., As before, the 
actuation was repeated several times to insure a consistent 
resultc 
One additional test was performed, although it was 
confined to one magnetic-particle clutch. This was a test 
to determine the torque characteristics of the clutch as 
its internal temperature increased. The discussion of this 
test will be left for a later section of this chapter„ 
Table 1 shows a listing of the clutches tested and 
indicates what tests were performed on each clutch,, All 
clutches did not undergo all the tests devised. The reason 
for this seeming incompleteness was either the fact that the 
clutch could not be adapted to the test or that the perfor-
mance of the test would not produce additional useful dataD 
Actuation Circuits 
One important characteristic of a clutch system is 
3.1 
the length of time required fcr full activation of the torque 
carrying device. In all electro-magnetic flux devices, the 
torque transmitted depends directly upon the current in the 
coiL It is therefore evident that during any given activa-
tion a more rapid response will be obtained if the coil cur-
rent is brought to its operational level as rapidly as pos-
sibles 
If the time constraint of a system cannot be met by 
clutch over-design then the only alternative is to devise an 
electrical forcing circuit to decrease the response time. 
F̂ lia-f.esta (27) discusses several means of reducing the time 
required for both a torque build-up and torque tear-down. 
Figure 12 shows several of these, suggested circuits. 
Figure 12(a] is a diagram of a normal activation cir-
cuit o The clutch is shown to be constructed of an induc-
tance LQ and an internal series resistance Rc. It is assumed 
that these clutch characteristics are constant throughout 
the clutch operation. The resistance R is simply a current-
1imiting device. 
When the switch in Figure 12(a) is closed, the current 
in the coil, builds up according to the equation 
I = __JE _ (l - e"
t / T) (2,1) 
R + Rc 
t 
_ R V C L-
o-IVWW—cTN 
a) Normal Clutch Activation b) Double Switch Circuit 








c) Capacitor Supply d) Shunting Capacitor 





After approximately 4T seconds the steady-state or opera-
tional current-level in the clutch is 
E 
I = • (2.3) 
R + Rc 
It is evident from. (2„2) that the time required to 
attaar. the normal operating current, can be decreased simply 
by making the resistance R large. This, however, usually 
requires an increase in the source voltage E to maintain 
the steady-state current, which, may prove to be inconvenient„ 
Lhe circuit in Figure 12(b) shows the addition of a 
shunting switch across the resistance R„ 'This switch is 
maintained in a closed position until the current I in the 
clutch has attained the desired level given by equation (2„3). 
The circuit in Figure 1.2(c) is designed to deliver 
a high capacitor discharge to the clutch when the switch is 
closed» Figure 12(d) shows a capacitor circuit which aids 
the decay of current in the clutch* In both of these cir-
cuits the capacitors should be chosen such that the decay 
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Time 
Figure 14. Current Time History of Clutch With and 
Without Solid-state Activation Circuit 
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Anderson (28), used several 01 these circuits in his 
investigations and found that they reduced the time of re-
sponse to about, one-third its original value: on several sole 
noid-actuated friction clutches«, 
An additional method of rapid actuation is to power 
the clutch with a constant current sourceB Figure 13 shows 
the constant-current, solid-state device used for clutch ac-
tuation in this investigation. The particular choice of 
circuit: design and cirauit parameters was to facilitate lab-
oratory use and versatility. 
The eighty-volt input was supplied by a standard lab-
oratory vacuum tube power supplyD However, it was noted 
through experimentation that, the constant 500 milliampere 
output current to the fifty ohm load was not affected by 
the * 2o5 volt drift in the power supply itself„ 
Figure 1.4 shows the current response of a typical 
clutch when activated with and without; the special circuit = 
This current profile was measured by recording the voltage 
across a small resistor placed in series with the clutcho 
The results of asing this circuit will be thoroughly 
discussed ir, chapter III „ 
Temperature-De pendent.Clutch Characteristics^ 
It is widely reported in the literature that electro-
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magnetic flux clutches have a built-in. torque-limiting char-
acteristic That is, if the clutch is operated in a constant: 
slip-condition and tends to over-heat, the rise in tempera= 
ture will increase the coil resistance, hence reducing the 
curre-Mt ,t.d consequently x:he torque,, A reduction in torque 
will produce less slip energy to be dissipateeL The pur-
c:;.-.r! of the test described here was to determine the effect 
Of temperature on the torque capabilities of a typical mag-
netic-particle clutchc Both static and dynamic tests were 
per formed <, 
The static test used the equipment arrangement shown 
in Figure 10= The special circuit shown in Figure 13 was 
used to drive a constant current through the clutch„ The 
manual switch allowed the clui-.ch resistance to be monitored 
during the test. The temperature monitor consists of a 
strip-chart, recorder receiving the amplified output of a 
thermal couple taped to the clutch body0 
The coil was energized and the torque-producing 
weight was just less than that required to produce slipc 
The length of time the current flowed was recorded by use 
of a stop watch, 
The dynamic test involved the use of the equipment 
shown in Figure 11 described above. The input shaft speed 
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was maintained at one-hundred revolutions per minute. .".-he 
torque produced by the clutch when activated by the five-
hundred milliampere (500 ma) actuation circuit was fifty-
sever: inch-pounds (57 in„-lbs). As the clutch was operated 
in total slip, the slip power to be dissipated was approxi-
mately sixty-seven watts (67 watts)„ The coil losses were 
five Witts (5 watts). Therefore, the total power dissipated 
in the clutch was seventy-two watts {12 watts). The maximum 
continuous rate of energy dissipation as specified by the 
manufacturer was seventy-five watts (75 watts). 
The results of these tests will be discussed in Chap-
ter III, The data collected is presented in Appendix B. 
Two additional points should be noted* Ko tests were 
performed on the eddy-current clutch coupling, The reason 
for this is that its normal size prohibits its use in almost 
all control applications. Also, since it is a clutch cou-
pling and, hence, must operate in continuous slip, addition-
al problems most certainly would be encountered in any space 
application. 
Also, no endurance tests were performed. The various 
manufacturers state that electro-magnetic flux devices con-
tain few wearing parts. The manufacturers also attest to 
reliability investigations involving continuous clutch 
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cycling at normal rated capacities for over one million 
cycles. 
'he tests performed on these clutches are by no 
means all the possible tests an experimenter might devise. 
However, it is felt that these give all the data required 
to forecast the adaptability of the electro-magnetic flux 
clutch to a space environment, 
CHAPTER III 
CLJTCH CHABACTERISTICS 
This chapter is devoted to a discussion of the col-
lected data on commercially available clutches and to pos-
sible applications in a space environment. 
Vendor Data Summary 
A summary of the data collected from the clutch ven-
dor literature is presented in Table 2, A key to the 
clutch manufacturers and the clutch models used in the sur-
vey can be found in Tables 5 and 6, respectively-
The following is an explanation of the information 
presented in Table 20 Column one indicates the manufactur-
er and type of clutch or clutch coupling manufactured, 
Columns two and three summarize the electrical characteris-
tics of the clutches. That is, the maximum rated d.c. coil 
current and power dissipated in the coil. It should be 
noted that the clutch torque is dependent upon coil current 
and for this reason the manufacturer is able to supply a 
coil for any d0c0 voltage source required by the user. If 
at all possible, electrical data collected for this survey 
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were for a 24 vdc source. However, exceptions to this were 
unavoidable. 
Columns four through eight indicate the range of me-
chanical properties of the clutches manufactured., The maxi-
mum transmitted torque is that torque produced by the cur-
rent listed in column two* This torque level is not the max-
imum. attainable by any particular device but rather is the 
maximum torque level for continuous non-slip operation. The 
maximum shaft speed is that for which non-slip operation is 
possible at the aforementioned torque, level0 The output 
rotor inertia is also recorded- Mote that in most designs 
the clutch will accept inputs on either of its shafts. How-
ever « from an efficiency aspect it is beneficial to usa the 
rotor with least inertia as the output * The time response 
is that time required for the clutch torque level to attain 
63 per cent of its steady-state level when actuated by a 
step voltage- Tho maximum transmitted power is the product 
of maximum torque and maximum shaft speed. 
Columns nine and ten indicate the physical data of 
the clutches manufactured. Namely, total volume or displace-
ment and total weight«, In many cases the clutch is mounted 
directly on shafts and gears with a slip-ring electrical con-
nect:: o.;.\0 l.Tiwovo.r, the stationary body clutches require a 
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designed mountingo In these cases the f31cto.ry-equir.ped 
mounting was included in. the volume and weight data. Also, 
over-all length exclusive of shafts and the largest clutch 
dimension exclusive of slip-rings were used in the volume 
calculations„ 
Columns eleven through fourteen list the various 
performance indices used in rating clutches„ These values 
were calculated using the aforementioned data. The power 
ratio or power gain listed in column 14 is obtained by di-
viding the coil power .into the, maximum transmitted power 
value. -This does not imply that the clutch acts as a linear 
power gain but is intended to give an estimate of the maxi-
mum possible power gain attainable„ 
Most of the manufacturers listed several clutch models. 
Each model exhibited different characteristics„ In these 
cases, the range of values of each column is indicated for 
each manufacturer by rows labeled ''minimum'1 and "maximumsM 
Therefore, for manufacturer "A" the clutch requiring 104 
milliaraperes excitation is not necessarily the same clutch 
with maximum torque of 0,375 inch-pounds» 
Anderson (29) presents some characteristic data for 
mechanical contact clutches0 In almost every case these 
clutches show greater torque to weight and torque to volume 
Table 23 Clutch Vendor Data Survey 
1 2 3 
Clutch Manufacturer Maximum coil con- Maximum Control 
i-ypft Code trol Current (immfr) ^^^j^_(wi\ttff) 
Hysteresis A 
Minimum 104 2„50 
Maximum 292 12.00 
Hysteresis B 
Minimum 125 3,00 
Maximum 417 10.. 00 
Hysteresis C 
Minimum 30 0.11 
Maximum 300 7,20 
Hysteresis D 
Minimum 71 0„17 
Maximum 332 7096 
Magnetic E 
Particle Minimum 23 2„1Q 
Maximum 920 45„90 
Magnetic F 165 3.96 
Particle 
Magnetic G 165 3a96 
Particle 
Magnetic H 
Particle Minimum 35.6 0*855 
Maximum 558 13.400 
Magnetic I 
Particle Minimum 8 0,53 ^ 
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ratios than the magnetic flux devices. Also, for comparable 
torque levels, certain of the friction devices (e*g»» wrap-
spring clutch) exhibit a greater power gain than their mag-
netic flux counterparts. 
However, the magnetic flux devices have two distinct, 
advantages over the mechanical contact device. First, the 
magnet tic-particle clutch may be operated in continuous slip 
and is bi-directional with relation to shaft rotation and 
energy flow, This is not necessarily true wit?a mechanical 
contact clutcheso 
Experimental Results 
The results of the experimental procedures discussed 
in Chapter II are presented in this section,, 
c.rhe first test performed was to ascertain the rela-
tion between the coil current and the resultant output 
torque in a .static condition=, This test involved the equip-
ment arrangement shown in Figure 10„ 
As the tests were performed it was apparent that the 
magnetic-particle clutch exhibited a property not present 
in th-:. hysteresis device. That is, unless the particles 
within the working gap of the clutch were well distributed, 
the clunch underwent a condition of slip when loaded to a 
level less than its rated slip-tcrque for any given current 
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1 e ve 1 o 
:f the magnetic-particle clutch shown in Figure 7 is 
not rotating and is d^-en^rgized its particles will tend to 
follow the action of any gravitational field present. The 
particles will then be gathered in only a portion of the 
working gap. Hence, upon energizing the coil the clutch 
torque capabilities will be impaired until an even distri-
bution is again achieved in the working gap* The equipment 
arrangement used in the laboratory allowed this phenomenon 
to be more easily investigated«, 
Figure 15 shows a typical torque history during one 
test at a single current level for a magnetic-particle clutch <, 
The clutch was energized by a constant current and loaded 
with a static torque by means of the water weight. 
Point (A) on curve I is the point of initial slip* 
Here, because of the uneven distribution cf particles in the 
working gap, the clutch slipped at a torque level of 50 per 
cent to 70 per cent of its normal capacity for that current. 
At ::h;;.;-3 point of initial slip the relative rotation between 
input and output was 30 to 60 degrees, 
During the initial slip, the particles were physi-
cally redistributed in a more uniform manner. This allowed 
the loading to continue to an higher torque level without 
T ime 
Figure 15. Typical Static Torque Test Result 
(Magnetic Particle Clutch) 
CO 
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increasing the current. Finally, however, a point was 
reached at which time the clutch slipped more than three 
full revolutions. This corresponding torque level is de-
noted in Figure 15, curve I as point (B) and has been nomen-
clated as the point of final slip. 
The clutch was not de-energized {at this time) , but 
rather was forced to slip through five additional rotations. 
Then it was reloaded using the water weight and resulted in 
curve II, Figure 15, The point (C) is, again, the torque 
level at which the clutch experienced total slip, 
The data recorded in these tests were torque values 
at which initial, total and distributed particle slippage 
took place for each value of current energizing the clutch. 
Specifically then, points (A), (B), and (C) were plotted 
for various values of current (I) for each clutch0 A typi-
cal result is shown in Figure 16. 
Appendix B contains a detailed presentation of the 
test data collected in the laboratory. The static torque 
test, results for the laboratory-tested clutches can be found 
in Figures 33, 43, 49 and 55. 
The hysteresis clutch did not exhibit a condition of 
partial slippage as noted in the magnetic-particle clutch. 









a-Distributed Particle Slip 
b-Finol Slip 
c-Initial Slip a 
Current 
Figure 16. Static Slip Torque vs. Current for 
C l u t c h 1-5 
Current 
Figure 17. Static Slip Torque vs. Current for 
Clutch D-4 
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1 * 3 0 0 mamp 
a-cj = 300 rpm 
b-uJ = 650rpm 
c-u>sIOOOrpm 
Time 
Figure 18. Torque Build-up at Various 
Slip-Speeds for Clutch 1-5 
u> =l000rpm 
a«I=500mamp 
b- I s300 mamp 
c»Is 100 mamp 
T ime 
F i g u r e 19. Torque Build-up as a Function of Steady-State 
Current Level for Clutch 1-5 
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clutch is given in Figure 17. 
The regaining tests performed in the laboratory oer-
tair.ed to the recording of the torque time history for var-
ious conditions of operation* The test procedure is de-
scribed in Chapter II, The equipment arrangement is shown 
in block diagram form in Figure II. 
It was experimentally determined that the time re-
quired for the magnetic-particle clutch to achieve its maxi™ 
w m torque carrying capability is dependent upon both the 
slip-speed during activation and the magnitude of the clutch 
coil currento 
Figure 18 shews a typical time history of torque 
build-up during actuation for various values of slip-speed. 
It should be remembered that the slip-speed noted in each 
case was constant throughout the activation. This would 
not be the case if the output shaft were accelerating to the 
speed of the input shaft. 
The reason for the reduction in response time is at-
tributed to the time required for distribution of the parti-
cles in the working gap of the clutch itself. This distri-
bution is accomplished almost exclusively by the relative 
motion between the clutch body and the torque-carrying um-
brella attached to the output shaft- However, the response 
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time wns not reduced when the slip-speed was made greater 
than 1CC0 revolutions per minute. Figures 34, 44, 50 and 
56 in Appendix B show additional examples of this test re-
sult o 
All tests performed in the laboratory involved acti-
vation of the test clutch by one of two means„ For rapid 
activation of the clutch the special circuit shown in Figure 
13 was employed* However, for normal conditions and unless 
otherwise stated, the circuit shown in Figure 12(a) was em-
ployed* Therefore, under normal conditions the current 
build-up in the clutch follows the relationship given in 
equation (2„1) , As a result, of the linearity of the cir-
cuit, the time required to build-up current to the steady-
state value of equation (201) is independent of the magni-
tude of the steady-state current level. Since the torque-
carrying capability of the clutch is directly proportional 
to the ceil current it might be thought that the torque time 
response Is also independent of the steady-state current 
level, That this is not the case is shown in the following 
test, o 
The test clutch was actuated by at least three dif-
ferent current levels., Figure 19 shows a typical, test re-
sult» Similar results for the other clutches tested may be 
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found in Appendix B. 
The reason for the variation in response time may 
again be attributed to the time required to distribute the 
magnetic particles evenly about the working gap. It has 
been previously stated that the particles are distributed 
by the action of the relative motion of output umbrella and 
clutch body. The result of this test indicates that the 
particles are also influenced in their migration by the mag-
netic flux force. 
Similar results to the above discussion were found 
for the case of torque decay. This data is presented also 
in Appendix B. Also, it is noted that the hysteresis clutch 
(D-4) did not exhibit the aforementioned properties. Again, 
this results from the fact that there is no working medium. 
The hysteresis device did demonstrate a slower reac-
tion to the torque-inducing current. This is a result of 
its basic means of operation as explained in Chapter I. 
Actuation tests were performed on each clutch using 
the specially designed quick-actuation circuit. The effec-
tive steady-state current range of the circuit was 400 to 
500 milliamperes. The current build-up and decay for these 
extremes are shown in Figures 20 and 2.1, respectively. This 




Figure 20. Current Decay with Quick Activation 
Circuit 
Time (millisec.) 
Figure 21. Current Build-up with Quick Activation 
Circuit 
56 
connected to the output of the circuit* 
The results of the quick actuation tests are presented 
in Figures 43, 41, 46 and 47 of Appendix Bo The special ac-
tuation circuit did improve the time response of the torque 
build-up. However, the torque decay time was not apprecia-
bly improved0 
Elect.rom.agnetic flux clutch devices display operating 
characteristics similar to those of the mechanical contact 
clutches investigated by Anderson (!) • That, is, both types 
of devices have a somewhat linear relationship between the 
output torque and control variables<= The fluid couplings 
described by Jones (2) do not have this linear operational 
characteristico 
In general, the electromagnetic flux device is not 
as fast-acting as the friction device, taking as much as 
three times as long to complete the same operation,, However, 
certain specially designed magnetic-particle clutches having 
low torque-carrying capabilities are capable of attaining 
63 per cent of their steady-state torque level in two or 
three milliseconds«, 
The smoothness of engagement allows the electromag-
netic flux device to perform in applications not capable of 
accepting impact, loading«, Also, electromagnetic flux 
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clutches and clutch couplings are capable of indefinite peri-
ods of asynchronous operation without failure, wear or ad-
justments 
Clutch Input Power Requirements 
All electromagnetic flux clutches require an electri-
cal current for activation and sustained operation„ The 
form and magnitude of the current is almost completely 
adaptable to the design application, Most commonly, the 
clutch requires a d„c, current but various manufacturers 
will suprly a.c* units* 
Additional types of magnetic, flux coupling and clutch 
couplings do operate by use of permanent magnets and electro-
statically-charged particles*. However, these units are 
specially designed and do not appear to be commercially 
available0 
Table 2 gives an indication of the range of input 
power requirements of magnetic-particle and hysteresis 
clutches used in this country• In addition, an eddy-cur-
rent clutch coupling rated for 3/4 horsepower at 1800 rpm 
or 1% horsepower at 3600 rpm typically requires excitation 
of one ampere at 40 volts or 0o380 amperes at 90 volts. 
Types of Clutch Failure 
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No endurance tests were performed on the clutches in-
vestigated in the laboratory, because information supplied 
in the vendor literature stated that typical electro-mag-
netic flux devices are. capable of several million duty cycles 
without failure, repair or adjustment„ These statements, by 
manufacturers, are collaborated in the current technical 
literaturec 
Electromagnetic flux clutches are subject to various 
types of failure, however. These include bearing failure 
as a result of contamination or lack of lubrication, elec-
trical brush failure in the case of rotary body clutches, 
electrical insulation break-down resulting from insufficient 
heat transfer; and in the case of magnetic-particle clutches, 
contamination of the particle dust in the working gap, 
In comparison, those mechanical contact clutches 
capable of slip operation produce wear products, may require 
periodical adjustment and are capable of complete failure 
when subjected to continuous over-load. Those mechanical 
contact clutches not capable of slip operation will fail as 
a result of over=loado 
Also, hydraulic clutch-couplings are subject to 
changes in fluid viscosity and density which may impair or 
prevent their normal operation. 
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Temperat.ure Dependent Character 1stics 
Test clutch 1-5 was subjected to the. tests described 
in Chapter II to determine its operating characteristics 
when subjected to a rising temperature. 
The static test was primarily to determine the amount 
of electrical resistance increase as a result of constant 
current coil excitation* The coil excitation was maintained 
at 500 milliamperes for a period of 45 minutes by use of the 
special quick actuation circuit of Figure 13. The clutch 
coil electrical resistance increased approximately one ohm 
as the clutch temperature rose approximately ten degrees 
Fahrenheit. 
However, as this was a static test it was noted that 
oxidation and possible arcing of the slip-rings caused the 
total clutch circuit resistance to rise approximately seven 
ohmso It is therefore concluded that no appreciable in-
crease in coil resistance can result from electrical power 
losseso 
:.he dynamic test required 22 minuteis to complete = 
The coil current was maintained at 500 milliamperes and the 
slip-torque of the clutch was also maintained constant at a 
level of 5 7 inch-pounds<, The coil resistance was initially 
19s8 ohms at an ambient temperature of 184 o0 degrees 
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Fahrenheito The test clutch attained a temperature of 184,0 
degrees Fahrenheit when the test was stopped„ The coil re-
sistance was measured at 25.3 ohms* If the clutch had been 
activated by normal activation circuit using a constant vol-
tage power supply this increase in coil resistance would have 
reduced the torque capability of the clutch from 5 7 inch-
pounds to 54 inch-pounds«, * 
The results of this test indicate that as the coil 
resistance rose 29 per cent over its original value the 
torque was reduced by 5 per cent and the power dissipation 
was reduced by 10 per cent* This does not appear to be as 
significant a reduction in slip energy as required to save 
the clutch from over-heating and sustaining permanent 
damage a 
in conclusion, it would appear the designer must make 
allowance for changes in coil resistance as a result of tem-
perature change if close torque control is required* One 
method of accomplishing this end is a compensating resistor 
available for individual clutches from the manufacturers, 
" ~ '""̂  '""" 
This was established in the laboratory by reducing 
coil current until the coil voltage was the same as at the 
start of the test. 
CHAPTER IV 
ANALYTICAL RELATIONSHIPS OF ELECTRO-MAGNETIC FLUX CLUTCHES 
From a historical standpoint, the electro-magnetic 
flux clutch has not found application in design situations 
requiring precise mathematical representation. Consequent-
ly, in general, mathematical models for the various flux 
clutches are not available* The single exception is the 
magnetic-particle clutch for which a frequency analysis 
has been performed by Blackburn (30)o 
The present, chapter will summarize the analytical 
and empirical mathematical models available from the litera-
ture a Whenever possible, correlation will be drawn with the 
author's own experimental results as presented in Chapter 
IIIo 
Steady-State Torque Current Relationship 
It has been previously stated that the steady-state 
or maximum torque capability of any electro-magnetic flux 
clutch is dependent upon the coil current excitation,, Also, 
the force of attraction between separated magnetic poles is 
a function of the square of the flux density in the working 
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gap cf the clutch. Since the flux density is a linear func-
tion of the current it can be inferred that torque is relat-
ed tc current according tc the equation 
T = bl 2 (4.1) 
where b is a constant characteristic of the clutcho Parziale 
and Tilton (.19) found that in the case of a fluid-magnetic-
particle clutch equation (401) is not precisely true. They 
suggest the more general form 
T = bi*\ l s n ̂ 2 (4.2) 
w l.r.h b and n characteristic of the individual clutche 
Blackburn (30) has found that equat.ion (4.1) does 
adequately describe the dry-particle clutch presently 
•t 
available from industrial sources." However, it should be 
pointed out that a certain amount of confusion may exist 
from an improper interpretation of this equation. 
Throughout the literature equations (4.1) and (4.2) 
are referred to as the "static torque-current" relationship. 
This nomenclature does not imply any rotationally static 
situation. Rather, it describes the situation of impending 
slip between input and output shafts when the clutch is 
*The constant "b" in equation (4.1) is extremely sen-
sitive to changes in clutch temperature. 
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transmitting maximum torque at its rated rotational velo-
city, Hence, static in this sense implies zero slip velo-
city at maximum torque. 
for the purpose of this discussion equation (401) is 
referred to as the steady-state torque current relation. 
"his change in nomenclature is a result of the data already 
presented in Chapter III, Figure 16, as static torque-cur-
rent data* it is evident that the data of Figure 16 does 
not fit either equation (4„1) or (4.2). 
Figure 17 presents the steady-state torque-current 
data collected in the laboratory for the hysteresis clutch 
(D-4) . '.his data represents both the static and steady-
state relationships since the hysteresis clutch has no work-
ing medium. A least-square fit was applied to this data 
using the functional form of equation (4.2). The result is 
T = 4 5 . 0 U ) 1 * 8 5 (4.3) 
No eddy-current clutch was tested in the laboratory. 
For this reason no similar data can be offered for compari-
son. However, from the literature, Swords (25), a typical 




Blackburn (8) has developed a lumped parameter trans-
fer function for the dry magnetic-particle clutch from fre-
quency response data. A summary of this work is presented 
in the current literature by Grau and Chubb (22). In addi-
tion, Blackburn demonstrates a technique for manipulating 
the transfer function in the analysis cf a clutch servo 
system. Only the mathematical relationships found in this 
work will be presented. further information may be found 
in the original work or in the alternate reference by Grau 
and Chubb, 
For a dry magnetic-particle clutch with a non-lami-
nated core as shown in Figure 7, the transmitted torque is 
given by, 
T = 5.59 x 108 (f K R/A) cp2 (4„4) 
q 
where 
T = transmitted torque , (in,,-lb) 
f = coefficient, of kinetic friction for dry powder 
A = cross-sectional area of powder gap normal to 
flux (in0
2) 
cp = total flux through working gap (webers) 
R = radius to clutch shear surface (in.) 
In the case cf the steady-state transmitted torque previously 
discussed in this chapter, the flux can be linearly related 
to the current level in the clutch by the relationship 
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cp = Nl/{Rq + 2 R.) (4,5) 
y i 
where 
Kf - number of turns in coil (turns) 
I = current (amperes) 
Rq = effective reluctance of gap and powder (1/henry] 
R^ = sum of reluctance about path exclusive of gap 
{1/herry} 
; he transfer function, which relates the flux to the current 
in the coil is rather complex™ This is a result of hyster-
esis and eddy-current coupling effects and losses. The ex-
pression found by Blackburn is 
_Jal!LL„ = Ki.T_ls + 1) tMP) ) (_tanhj£as_ } ( y 
1(B) (T2
 s + !) ^°> /bs ; l } 
where 
cp(s) = total flux 
I(s) = signal current 
':-| , T = time constants 
K = linear gain 
3LL2i = static gain of total flux vs. flux density 
0(0) 
at gap boundary 
a,b = characteristic constants 
\7-he evaluation of the constants of (4.6) can be ac-
complished by physical measurement of the clutch parameters. 
Each of the constants in (4,6) can be related to a physical 
quantity as shown in Grau and Chubb., 
Result (4.4) relates torque and flux in the time do-
main, Result. (4o6) relates flux and current in the frequency 
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domain, The proper inversion of equation (4.6) allows one 
to relate torque and current in the time domain by use of 
equation (4»4)„ 
No similar analysis has been, performed on either the 
hysteresis clutch or the eddy-current clutch coupling. This 
is a definite area for further work if full use is to be 
made of the capabilities of these devices. 
Hysteresis and Eddy-current Effects 
Every electro-magnetic flux device experiences both 
eddy-current and hysteresis losses,, The magnitude of these 
effects on the torque characteristics of the clutch is to-
tally dependent upon the particular clutch design. For ex-
ample, eddy-current losses can be reduced by constructing 
the core of some laminated material. 
Winston (4) has developed a set of semi-empirical 
relationships which allow one to calculate the magnitude of 
both the hysteresis and eddy-current coupling in a hysteresis 
clutcha 
Before the hysteresis clutch begins to slip, its torque 
capabilities are 
T h « 11.3 P V W h (4.7) 
= 111 H 2 m a x P R x 10~
5 (4.8) 
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w h e r e 
W-u x 1 0 5 
H~ = — 2 — — . - - ( 4 , 9 ) 
n2max -a x ' 
criaax 
and, 
T-u = hysteresis torque (in.-oz) 
P = number of poles 
V = volume of hysteresis ring (in.**) 
W^ = hysteresis loss in ring (joules/in. /cycle) 
Homax = coercive force corresponding to the maximum 
flux density in the ring (amp-turns/in.) 
ep = flux per pole (kilolines) 
R = mean radius of ring (in.) 
B„„3V = maximum flux density in ring (kilolines/in. ) 
It has previously been stated that eddy-current cou-
pling cannot take place unless there is some relative motion 
between input and output rotors. When such slippage does 
take place the hysteresis torque given by equations (4,7) 
or (4o8) are still valid* The additive eddy-current torque 




Te = eddy-current torque (in.-oz) 
r = average flux density over a pole pitch (lines/in. ) 
Lc = axial length of hysteresis ring (in0) 
X =• pole pitch (in.) 
t = radial thickness of ring (in0) 
p = resistivity of ring material (ohms/in. ) 
m\ = input rotor speed (rpm) 
^2 - output rotor speed (rpm) 
Although relationships (4,7) through (4.10) were 
3f0| Drive Motor 
• jod IOO%Excitation^Breakdown Torque 
5 0 % Excitation 
25% Excitation 
1&5— $55 io55 \+55 
rpm Slip 
Figure 22. Operating Characteristics of a Typical 















Figure 23. Hysteresis and Eddy-current Effects upon 
Steady-State Torque Levels 
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specifically developed for a hysteresis clutch, the proper 
evaluation of the varices terms should allow their applica-
tion to any elecitro-aiagnetic flux device0 The effect which 
hysteresis might have on a typical electro-magnetic flux de-
vice is shown in Figure 23(a)D Here it can be seen that 
hysteresis acts as av additional non-linear component. The 
effect ;,»f eddy-current coupling is shown in Figure 23 (b) a 
Note that in this case;, increases in slip-speed tend to in-
crease the torque carrying capabilities of the device= 
Glasenko (31) and Vorob'yeva (6) consider the more 
involved calculations of clutch design,, The former is sole-
ly concerned with asynchronous or hysteresis type clutches 
and develops an optimal expression for the number of pole-
pairs in any particular configuration. The later considers 
all possible types of electro-magnetic flux clutches and 
serves as a good summary of clutch design techniques0 
In related areas, Flidlider (2 3) and Vorob'yeva (6) 
both analyze the transient response of magnetically actuated 
friction disc clutches. Also, Young (37) discusses the use 
of permanent magnet couplings and develops several analy-
tical expressions =, 
CHAPTER V 
CLUTCH ENERGY DISSIPATION 
All previous discussions of clutch performance have 
been based upon the mechanical or electrical properties of 
the clutcho However, the thermal properties of the clutch 
may also seriously affect clutch operation, 
If the clutch is required to perform some cyclic or 
over-load operation it is evident that energy will be dis-
sipated in the clutch whenever it is in a slip condition, 
This energy will be dissipated through some form or combina-
tions of forms of hear, transfer. In addition, the body 
temperature of the clutch will rise. This increase in 
clutch temperature may cause clutch failure as a result of 
a break-down in electrical insulation within the clutch 
itself0 
Table 3 gives a summary of the AIEE Standard, No* 1, 
general classification of electrical insulating materials. 
The majority of commercially available clutches are con-
structed with Class A insulation and the remaining few with 
Class Bo Preliminary inquiries indicate that manufacturers 
could use higher temperature insulators if the increase in 
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Table 3o Classification of Electrical Insulators 
Temperature 
I Description Limit 
0 Cotton, silk, paper and simi- 90° C 
lar organic materials when nei-
ther impregnated nor immersed in 
a liquid dielectric 
A 1. Cotton, silk, paper and similar 
organic materials when either 
impregnated or immersed in a 
liquid dielectric; 
2a Molded and laminated materials 
with cellulose filter, phenolic 
resins and other resins of simi-
lar properties; 
3o Films and sheets of cellulose 
acetate and cellulose deriva-
tives of similar properties; 
40 Organic varnishes or enamels when 105° C 
applied to conductors 
B Mica, glass fibre, asbestos, etc., 
with suitable bonding substances, 
Other materials which show capa-
bilities to operate at Class B 
temperature 130° C 
H Materials or combinations of ma-
terials such as silicon elastomer, 
mica glass fibre, asbestos, etc, 
and other suitable materials for 
Class H temperatures 180° C 
C Mica, porcelain, glass quartz 





performance justifies he necessary increases in weight and/ 
or bulko 
Slip energy may be removed from the clutch in any one 
or combination of the means of heat, transfer? namely, convec-
tion, conduction, and thermal radiation., A cursory discus-
sion of convection and conduction will be given with refer-
ences e A more complete discussion of thermal radiation will 
be presented,, In addition, a general mathematical expres-
sion will be given, fcr the slip energy developed in the 
clutch during a cyclic operation and a design procedure will 
be indicated such that the slip energy may be minimized. 
Coj^ductive and Ocĵ vecjtĵ ye Heat Transfer 
Anderson (1) gives a complete, analysis of clutch 
energy dissipation by conduction. He assumes that the 
clutch is solidly mounted on some n-member compound struc-
ture each component of which has a thermal resistance R». 
Then, if the clutch temperature is T and the base tempera-
ture T-fo/ the general conductive heat transfer Qc is given by 
IQ —" I 3 » 1 
Expression (5.1} is capable of producing a serious 
error in calculation if information en the contact conductance 
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of the various clutch mounting components is not known„ 
Anderson gives references and data on the variations in con-
tact conductance and shows a numerical example assuming the 
clutch to be constructed of aluminum and the base of molyb-
denum o 
Slocum (32) considers the convective qualities of 
the magnetic-particle clutch. In reality, when a rotary 
body clutch is operated in an atmosphere, the clutch body 
rotat.es and hence there is a certain amount of forced con-
vection as the clutch rotates in the stationary atmosphere„ 
If the amount of energy developed in the clutch from slip-
page is denoted by qj n, then the temperature of the clutch, 
C: , is found to be 
*fl = ~lir~ «X " **P<- ~(^1±-' > + Ta (5.2) 
where 
qj_n = mechanical input power (BTU/hr) 
t = temperature (°F) 
C p = heat capacitance (BTU/lb-°F) 
h = convective heat transfer coefficient 
(BTU/hr-ft2-°P) 
A = surface area (ft2) 
w = weight density (lb/ft3) 
Tc = clutch temperature (°F) 
T a = ambient temperature (°F) 
In practice, however, values of h, the convective 
heat transfer coefficient, are only tabulated for objects 
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placed in cross-flow„ slocum proposes that the introduc-
tion of two empirical correction factors into result (5,2) 
will account, for the error in evaluating the h quantity and 
the difference in configuration between a cylinder in cross-
flow and a rotating clutcho This modified expression for 
the clutch temperature is 
qin a4..hA t_ 
s.; . in p 
z = .. ...._ (1 . E (_ ( * .) t) ) + T a (5.3) 
Of hA r 
Slocum presents a detailed method for evaluating the 
correction factors Q?m and a, o These factors are used in 
'I t 
equation (5o3) with the appropriate data to generate so-
called heating and cooling curves to be used in a clutch de-
sign procedureo 
It is worth noting that in most space applications 
there will rot be an atmosphere present, for convective heat 
transfero The purpose: then in presenting this material is 
to indicate a workable method from which extensions may be 
made to other forms of heat transfer, 
Certain clutch designs will allow the introduction 
of a coolant, to the area of slip-energy generation. This 
is the case for clutches manufactured by manufacturer E. 
This design may be adapted to the other types of clutches 
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commercially available but only with an increase in weight 
and bulko Also, some type of coolant reservoir and heat 
exchanger are necessary„ 
Radiant Heat Transfer 
In any space application there are two primary means 
of heat transfer available in the absence of an atmosphere„ 
These are conduction and radiation,, If the clutch in ques-
tion is :i rotary body type, it is connected to its surround-
ings only by gears and/or shafts. This necessarily reduces 
its meats of conducting away energy and increases the im-
portance cf thermal radiation,,* 
As with all. mathematical analyses of real systems, 
certain assumptions must be made m order to allow the analy-
sis. The first of these assumptions is that the clutch has 
attained a steady-state temperature. Since the temperature 
of the clutch remains constant, the energy being generated 
within the clutch per unit time and the energy radiated to 
the surroundings per unit time must be equal„ That is, 
Q- - Q (5.4) 
^ m out 
Also, it is assumed that the clutch is completely 
*Radiation is considered to be the major means of 
energy transfer. 
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enclosed by its surroundings. In order to simplify the analy-
sis, let the clutch and its surroundings appear as concentric 
spheres or co-linear cylinders, each exhibiting gray-body 
characteristics. 
Krieth (33) shows that the energy transfer for the 
case described above can be represented in terms of an elec-
trical circuit. Figure 24 shows this equivalent circuit. 
"izt-vw^ VWUM* — * m 1 
4 - R, R2 R3 4 -
I I f)< 
Figure 24. Electrical Equivalent for Gray-body Radiation 
for Concentric Spheres 
The net current flow for the circuit of Figure 24 is 
i = __
 El - E2 (5.5) 
Rx + R2 + R3 
The algebraic terms of equation (5.5) have the following 
equivalence v;ith the physical and thermal quantities of the 
system: 
i = Q (5.6) 
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E l = a ' - l ( 5 . 7 ) 
E2 = a ^
4 ( 5 . 8 ) 
R l " P i / / A l E l ( 5 * 9 ) 
R2 = l/hj P 1 _ 2 = 1 /A 2 F 2__ 1 ( 5 . 1 0 ) 
R 3 = P 2 '
/ A 2 2 ( 5 , 1 1 ) 
Making the substitutions indicated by relationships (5.6) 




pl -1 P2 
Al 1 AlFi-2 A2 2 
From the gray-body assumption, 
^ + PL = 1 (5.13) 
and since the surroundings and clutch are assumed concentric 
spheres, the shape factor, E'-, 2, is identically unity. With 
these modifications, expression (5,12) becomes 
fT 4 _ Z 4x 
l'l \2 > 
Al I- + ̂ L (I. - i, 
1 2 2 
(5.14! 
The maximum amount of energy transfer will take place 
when the clutch body has achieved its maximum safe operating 
temperatureo For. a clutch constructed with Class A electri-
cal insulation this temperature is 105° Centigrade or 681° 
Rankine.. vhe surroundings may be assumed to be at a standard 
temperature of 70° Fahrenheit of 5 30° Rankine. 
As a further simplification, it will be assumed that 
the emissivity of both the clutch and its surroundings are 
the same e Hence, 
e
x = «2 - « (5.15) 
Applying (5,15) to (5,14) results in the following final 
form for the radiant heat transfer from the? clutch to its 
sun oundings; 
Q 
,Z 4 m 4 
L2 
hl 1 + (1 - s ) A l 
A 2 
] .jure 25 shows the result, of evaluating equation 
(5.16) for values of e and area ratio A-,/A«. The range of 
emissivity was chosen to include most all metals or metal-
lic surfaceso It is naturally advantageous to have the 
clur.ch and surioundings made, of a material with an high emis-
sivit;y„ The area ratio of 0,00 indicates the limiting case 
of the clutch appearing to be a point in space compared with 
the surroundings. An area ratio of 1,00 is representative 
of the opposite extreme when the surroundings are so near 










Figure 25. Radiant Clutch Energy Dissipation as a 
Function of Emissivity and Area Ratio 
T a b l e 4 = R a d i a n t C l u t c h E n e r g y D i s s i p a t i o n , J3TU_ 
h r - f t ' 
A. 
0 = 00 0 . 1 0 0 = 20 0=30 0o40 0=50 . 0=60 0 . 7 0 0 = 80 0=90 1=00 
0 = 10 20=79 19 = 07 17 = 62 16=37 15=29 1 4 . 3 4 1 3 . 5 0 1 2 . 7 5 1 2 . 0 9 1 1 . 4 8 10=94 
0 = 20 4 1 . 5 8 3 8 . 5 0 3 5 . 8 4 3 3 . 5 2 3 1 . 4 9 2 9 . 7 0 2 8 . 0 9 26=65 2 5 . 3 5 2 4 . 1 7 2 3 . 1 0 
0 , 3 0 6 2 . 3 6 5 8 . 2 8 54=70 5 1 . 5 4 4 8 . 7 2 4 6 . 1 9 4 3 . 9 2 4 1 . 8 5 3 9 . 9 7 3 8 . 2 5 3 6 . 6 8 
0 . 4 0 8 3 . 1 5 7 8 . 4 4 7 4 . 2 4 7 0 . 4 7 6 7 . 0 6 63.9.6 6 1 . 1 4 5 8 . 5 6 5 6 . 1 8 5 3 . 9 9 5 1 . 9 6 
0.50 103.90 98.95 94.45 90.34 86.58 83.12 79.92 76.96 74.21 71.65 69.26 
0.60 124.70 119.90 115.46 111.33 107.50 103.91 100.56 97=42 94.46 91.69 89.07 
0.70 145.50 141.26 137.26 133.48 129.91 126.52 123.30 120.24 117.33 114.56 111.92 
0.80 166.30 163.03 159.90 156.88 153.98 151.18 148.48 145.87 143.36 140.93 138.58 
0.90 187=10 185.24 183.43 181=65 179.90 178.19 176.50 174.85 173.24 171.65 170.09 
oo 
o 
1=00 207.90 207=88 207=88 207.88 207=88 207=88 207.88 207=88 207=88 207=88 207,88 
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Table 4 is provided as a supplement to Figure 25. it 
is worth noting that the information presented in both Figure 
25 and lable 4 has bean normalized with respect to the lat-
eral are :x A.-, of the clutch.. klso, the concentric sphere as-
sumption is meant to imply that the surrounding is capable 
of "see.i:-} r.11 th,~; clutch area, A,, .any obstruction or 
mounting will reduce the rate of radiant energy transfer. 
Equation (5.16) is a result based upon assumptions 
about both the thermal characteristics of the clutch and 
sun undings and their relative configuration. The degree 
of accuracy attainable from this expression is totally depen-
dent; up -. * he w-.y :r. which it is applied to any particular 
system. ::jhe accuracy of the calculation can be increased 
by improving the mathematical description of the configura-
tion and/or by improving the data available on the thermal 
characteristics, cJhe former is, in general, most difficult; 
the letter is more feasible and will here be discussed. 
The gray-body assumption implies that the radiating 
body is radiating energy whose quantity is some fraction of 
that of an ideal black-body at the same temperature. This 
fractional quantity is the emissivity e . The energy being 
radiated by a single gray-body can then be written in terms 
of the stefanHBoltzmann law as 
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E g - sa^;
4 (5.17) 
Equation (5,17) m^y also be expressed by use of Planck's 
law, in. terms of the wavelength of the radiation, 
} Cl (X) " 5 
«g = *J -rzrm^T?r~T'dX ' (5"18) 
whe re 
Ert = emissive power of the gray-body 
e « emissivity of the gray-body 
X = wavelength of radiant emission 
Cx = 1.1870 X ID
4 BTTJ -lfi/f t2-hr 
C 2
 L 2.5896 x 104 °R -{i 
The emissivity of ar.y real surface is in general a 
function of both the wavelength and the temperature. In 
addition, the real surface may emit very nearly all its 
energy in a certain range of wavelengths. In this case the 
emissivity exclusive of this emitting range may be assumed 
zero, 
Figure 26 shows a typical emissivity curve for an 
anodized aluminum surface„ This curve is strictly applica-
ble to a body at a temperature of 80°Fo However, the change 
m emissivity with a moderate temperature change is not 
appreciable. Hence, the application of this monochromatic 
emissivity to the case of the clutch and surrounding appear 
reasonable. it is now suggested that result (5.16) could be 
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€(» 
T = 809F 
Wavelength, }s. 
Figure 26. Monochromatic Emissivity of Anodized Aluminum 
Surface (Giedt (34)) 
modified for improved accuracy by the use of equation (5*18' 
and the additional information of B'iqure 26 to be 
where 
q = A.. 
y\) U l ^ ^ i . ) ~ 32(Xfi2) 
1 + r e(X 






Ej_ ( "k, T|_! 
•;xp (C 2Af 1) - 1 
5.21 
£:2 C ̂ # ̂ o 
c^i x 
Exp (C2AT23 ~ 1 
(5.22 
Jakob (35) discusses several modifications of equations 
(5„16) and (5ol9) which account for an asymmetric geometry 
and additional effects of irradiation, 
Dissip̂ ajtĵ .Tê gnergy of Typical Clutch Cycle 
-The energy to be dissipated, from the clutch in any 
given cyclic operation is totally dependent upon the type 
of operation the clutch must accomplish. A particular exam-
ple is discussed below. 
The clutch will be assumed to be at a steady-state 
temperature throughout its operation. The energy W-, which 
must be dissipated during one cycle is necessarily the sum 
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of the energy, Wc, developed in the coils of the clutch and 
the energy, w_, developed by slippage. 
Assume that the clutch is required to transmit torque 
for t_ seconds. Then the coil current as a function of time 
d 
will appear as shown in Figure 27 (a). The energy developed 
by the clutch coil is in general,* 
pta 
WQ - J RI
2(t) dt (5.23) 
6 
The actual form for I(t) during the cycle will greatly 
depend upon the type of electrical power source. If the ac-
tuation circuit is similar to that shown in Figure 13, the 
current can be represented as 
r K(l - e"
t//T) 0 s: t <t± 
Kt) = \ (5.24) 
^ s t l < t ^ t a 
Substituting equation (5.24) into (5.23) and integrating 
W = K2 ft - 2T (1 - e'V1") + T/2 (l - e"2VT)j 
C L 1 J 
+ I 2R (t - t_) (5-25) ss e r 
If the system configuration is similar to that shown 
in Figure 1, an additional I2 R(t,) energy term must be con-
sidered with those shown in (5.25). This results from the 




in the driven clutch in order to eliminate backlasho 
1-he energy generated in the clutch as a result of 
slippage is the integral with respect to time of the pro-
duct of slip torque and slip-speed. These quantities are 
shown in Figures 27 (a) and (c) , respectively. Figure 27 
(c) assumes that ou-. (t*) is equal to yj9(t. ) where subscripts 
i a *• A 
nlv and n2n refer to input and output, respectively. Hence, 
the slip energy to foe d:ssipated is given by 
ta 
•T(t) L^lt*) ~ U }2 ( t )J d t (5.26) 
0 




2 (t) dt + J T (t) [ou (t) - cu (t) dt (5.27 
Expression (5*27) is a general expression for the 
energy that must be dissipated per cycle to prevent the 
steady-state temperature of the clutch from rising„ There 
is only one way in which the designer may minimize equation 
(5027)o That is, by the proper choice of clutch-torque level 
and load inertia„ Figure 27 shows a typical engagement cycle 
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Figure 27. Clutch Characteristics During Typical 
Engagement 
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level while the load is still experiencing acceleration 
(ioBo, slip-speed does not equal zero)„ In general, it is 
best to eliminate clutch slippage after the clutch has at-
tained its steady-state torque level, T_e, (i0eoy t_ = t 0 ) a 
ss a z. 
, r>e possible, exception is when the clutch must perform not 
only in its n-rma.] capacity as a torque transmitting device 
but also as a torque limiting device„ 
Assume that the load the clut.ch is driving is solely 
iriertial in nature0 l
Jhen, in order to minimize the dissipa-
tive energy of the clutch during one cycle, it is necessary 
to determine what steady-state torque level the clutch must 
be capable of achieving such that the load inertia has at-
tained velocity oo . at time t „ This will be done by cal-
1 a z 
culatiog J, , the load inertia, in terms of the steady->state 
torque level, T « From this expression T will be calcu-
ss x ss 
lated in terms of the load inertia, JT„ 
Since the load is purely inertial all the energy trans-
mitted by the clutch to the output shaft must be equal to the 
change in kinetic energy of the output or load inertia, JT„ 
13. 
%Jh [»2<ta) -




uo 2 • - a ' = 03- 5.29 
and, solving for JL 
JL = 
,ta a 2 
^i 0 




It is also known that 






UJ. f u> (0) 
1 
JL 
T(t) dt (5.32) 
Solving expression (5o32) for (i)?(t) and using the dummy 




JL\ o o 
T( § ) T(t)dtd§ + 
2w2(0) ta 
i 2 o 
( § )d § 
^ 2 c o ; 
+ (5.33) 
(JJ 
Solving equation (5.33) for the load inertia, J , 
Li 
% 2 ( 0 ) ^ ( Q ) pta 
J T . = 2 '+ — " 2 " T ( § ', d § + 
uo 
20J 
1 ®1 0 
r . ta "2 j 




2 ( 0 ) u ) 2 ( 0 ) 
(~~2""~ + 2~ 
2uj ou ^ 
1 1 
T( 5 ) T ( t ) d t d § 
( 5 . 3 4 ) 
1 0 0 
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In general, the evaluation of (5,34) is not simple. 
However, if functional information is available about the 
torque time history it is possible to derive meaningful re-
sults in a straight forward manner. 
For example, assume that T(t) can be approximated by 
a straight line.* That is, 
(t) = kt 0 s t s t (5.35) a 
Also, for simplicity let w2(0) = 0. Then equation (5„34) 
becomes 
,ta § 
JL =  [-ar?- I f ex §) (^) dt d? 
1 0 0 
or 
kt. 
JL - 2(D 
(5.36) 
But, it should be noted that T_ is identically equal to 
S S 
let- , hence, 
2co-, J T 
Sto -h 
(5.37) 
Therefore, subject to the aforementioned assumptions 
and restrictions, equation (5.37) will establish the steady-
*Anderson (1) shows that this is the case for mechan-
ical contact clutches= 
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state torque level required of a clut.ch to accelerate an in-
ertia, Jj , from a velocity of zero to that of u> in time t . 
Result (So 27) is the amount of energy dissipated in 
the clutch during the engagement period t . The time period 
for one complete cycle is necessarily larger than t „ It is 
an easy matter to relate the maximum cyclic frequency, N 
J max 
(cycles/unit time) to the energy dissipation, characteristics 
vof the clut.ch as 
N = ->U- o (5038) 
max w-, 
In order to evaluate; equation (5-38) it is first nec-
essary to evaluate equation f5d6) and solve for r̂  explicit-
ly o Then knowing the characteristics of the clutching 




Electro-magnetic flux clutches and clutch couplings 
offer a variety of characteristics which may lend themselves 
to a space application„ The electro-magnetic flux clutches 
have basically one control parameter, namely the coil cur-
rent o This is in contrast to mechanical contact clutches 
which may be affected by friction coefficients, coil cur-
rent and possibly lubrication*. Hydraulic couplings are de-
pendent upon both temperature and slip speed. 
The electro-magnetic flux clutch coupling, commonly 
referred to as an eddy-current clutch, is capable of trans-
mitting extremely high amounts of power. However, its means 
of operation requires that slippage occur to transmit torque. 
This necessarily requires additional energy dissipation over 
and above that encountered by any similar clutch. Since in 
any space application, heat transfer can be accomplished 
only by radiation or conduction, energy dissipation becomes 
a prime design consideration,, 
The magnetic-particle clutch is characterized by an 
extremely smooth operating cycle, Also., it is capable of 
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maintaining a constant torque even when subjected to 100 per 
cent slip. The magnetic-particle test clutches did not appear 
to have any hysteresis or eddy—current coupling effects. This 
would indicate a high degree of repeatability„ 
The steady-state and time varying relationship be-
tween torque and cont.rol current was found to be extremely 
r.or--linedr0 This added complexity does not lend itself to 
ready mathematical analysis, but various methods have been 
found and are. documented,, It. was experimentally determined 
that, when initially activated the dry-particle clutch may 
have an erratic torque characteristic as a result of an 
uneven particle distribution0 However, this effect is mini-
mized in most applications as a result of clutch motions„ 
Only when the clutch is required to operate in a static 
"holding ' mode may this phenomenon become predominant.„ 
Finally, clutch temperature was found to affect notice-
ably the control coil resistance. However, it is not felt 
that this is a serious problem,, An easy means of elimina-
ting this situation is to use a temperature compensating 
resistor in conjunction with the clutch. Temperature did 
not measurably affect the torque-producing characteristics 
of the particle dust in the working gap, 
The hysteresis clutch was found to display all the 
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characteristics of the magnetic-particle clutch exclusive 
of those dependent upon the magnetic-particle dust* In 
general, the hysteresis clutch is more bulky than the magne-
tic-particle and in consequence of its means of operation is 
much heavier in weight. 
Also, the asynchronous or hysteresis clutch has an ex-
tremely slew rise time; taking as much as three times as long 
as the ccmparable particle clutch to attain, full engagement, 
However, a compensating characteristic is its smoothness of 
operationo In this respect the hysteresis clutch excels above 
all other designs0 
It. is concluded that electro-magnetic flux clutches 
are quite applicable tc space designs. The electro-mag-
netic flux clutch-coupling is not considered a useful de-
vice in these specialized applications since it will en-
counter excessive temperature. Finally, these clutches may 
prove most, applicable in designs requiring extreme repeat-
ability, long periods of slip operation and the complete 
absence of in-service adjustments, 
APPENDIX A 
INS^HIMENTATION AND EQUIPMENT 
I igure 11 shows a block diagram of the experimental 
system used m this investigation* The components compris-
ing the system may be considered to perform one of three 
functions* These are hydraulic drive, feedback or control 
and in s t r ume n t, a t i o n b 
Hydraulic Drive Apparatus 
The prime mover of the system was a Wickers hydraulic 
motor, Model AR-10007-BEL. Hydraulic fluid at a pressure of 
" -J\J pounds per square inch was supplied by a Denison 
"HydrOIIiic" pumping ur.i", A Moog, Model 22-135A, electri-
cally actuated servo-valve provided a precise control of 
fluid tc and from the hydraulic motor. The capacity of the 
servo-valve limited the range of velocities available for 
testungo For this reason, a "by-pass" was provided to in-
crease the total volumetric flow rate to the motor. Precise 
/elocity control was still maintained through the servo-
valve. 
In order to reduce the effects of engaging the test 
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clutch on the. drive line a large inertia flywheel was mounted 
immediately after the prime mover. The mass inertia of the 
flywheel was 35., 381 (.i.nu-lb-secr) . Figure 28 shows a sche-
matic of the hydraulic drive system,, 
Feedback and Control 
Velocity control was obtained by tachometer feedback. 
A Fairchild Industries, model 532-Al, d0c0 generator was 
geared to the output, shaft of the flywheel through a 60:112 
gear rati.Oo The total gain from flywheel shaft to generator 
output, was Oo 00357 volts per revolution per minute (volts/ 
rpm)» The field voltage of the generator was externally 
maintained at 12 volts d, C through the use of the silicon 
diode power supply shown in Figure 29a 
The; output, of the generator was found to contain some 
high frequency noise0 To eliminate t.his a low-pass filter 
was designed* The transfer function for the filter was 
gout(s) _  Tl s + l _ 0.000156S+1 (A_I} 
E i n 0 'V2 s + 1 0.016 s+l 
A circuit diagram, is shown in Figure 30(a). 
The summing circuit was constructed of simple resis-
tances., Also, the inversion of the generator output was ac-
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Figure 28. Hydraulic Drive System 
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Figure 30. Feed-back and Control Components 
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Figure 31. Schematic Diagram of Feedback and Control System 
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to control the servo-valve was re la ted to the reference vol-
tage and generator f i l t e r output by equation (A-2)„ 
W - R 3<«2%-RiV .Jr_o_£a- (A .2 : 
R 1 R 2 + R-jR^ + K.2
R3 1 2 
E Q = error voltage 
E r = reference voltage 
S n = generator filter output 
The reference voltage was obtained from a Harrison 
Laboratories, model 6204A, cLce power supply with vernier 
output control. The error voltage was fed to the servo-
valve through a Dyraec, model 2460A, amplifier. 
Figure 31 shows a schematic of the feedback and con-
trol systemso 
Instrumentation 
A visual monitor was maintained on the velocity of 
the main drive shaft of the apparatus- A spur gear with 
120 teeth was mounted on the flywheel shaft* A Power Instru-
ments, model 836, photosensitive pickup was arranged such 
that a pulse was generated as each tooth of the spur gear 
passed the photosensor. The output of the sensor was sam-
pled by an Hewlett-Packard 523.:'l electronic counter for per-
iods of one secondo ihe count displayed by the counter was 
then twice the speed of the shaft in revolutions per minute. 
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The torque tra.nsmi.tted by the test clutch was measured 
by a Lebow strain gauge bridge torque transducer. The model 
1214-100 with a maximum torque capability of 200 inch-pounds 
was used for the larger clutches» The smaller clutches were 
tested with the model MTE-200 having a 200 inch-ounce capa-
bility o 
The output of the torque transducer was amplified and 
recorded in a Sanborn model 350-1100B dual channel strip 
chart recorder. One channel was used to record the torque 
transducer output, the second was used to indicate when the 
clutch current was initiated. A one ohm resistor was placed 
in series with the clutch coiL The voltage across this 
resistor was used to determine the current through the clutch 
coil. This voltage was recorded on a Textronic Type 564 Stor-
age Oscilloscope equipped with a Type 3172 dual-trace ampli-
fier. 
It. was also possible to record the torque transducer 
output on the oscilloscope. For this purpose the transducer 
output was amplified in the Sanborn pre-amplifier, filtered 
through a low-pass filter and finally recorded on the oscil-




The following is a presentation of the data collected 
on. the clutches investigated in the laboratory„ Each clutch 
is signified by its manufacturer's code letter and clutch 
model code number. 
Each clutch displayed similar time response data, 
with one important exception- Clutches 1-4, 1-5 and 1-8 are 
magnetic-particle clutches, Clutch D-4 is an hysteresis 
clutcho The magnetic-particle clutches displayed a slight-
ly different time response for various slip-speeds and coil 
currentso This was not the case with the hysteresis clutch. 
This difference in performance was solely a result of the 
particle distribution in the working gap of the particle 
clutcheso As the hysteresis clutch had no working medium 
it was not subject, to these results. 
One additional test was performed. This was to ascer-
tain the effect of hysteresis and eddy-current coupling as 
explained in Chapter CV. Each clutch was subjected to all 
tests at the same time. Each clutch was periodically tested 
to see that its steady-state response had remained constant. 
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This was the case and hence no hysteresis effects were mea-
surable. Also, each clutch was engaged at a constant torque 
level and then subjected to its maximum speed at 100 per 
cent slipo No variation in torque was noticeable indicating 
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Activation Circuit for Clutch 1-5 
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Figure 39.. Current Decay with Normal 
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Figure 42. Circuit Diagram for Actuation 
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Figure 43. Static Slip Torque vs. Current 
For Clutch D-4 
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Figure 44. Torque Build-up as a Function of Current 





a- 1= 4 0 0 mam P 
t 1 b-I = 3 0 0 mamp 
c- I=200mamp 
i f \ 
(J 3= 300,650,900 rpm | 
V -a X / ,b X ^ j y .c 
O 
\ 
^ 6 tOO ZOO 
Time (millisec.) 
Figure 45. Torque Decay as a Function of 
Current Level and Slip-Speed 
for Clutch D-4 






: _ : : 
/zzEEEEE 
• — — — — — — i — — — 
I l I — . 
/oo fl.00 300 
Time (millisec.) 
400 
Figure 46. Torque Build-up with Special Activation 







_ ^—— = : 
too ,00 
T ime (millisec.) 
Figure 47. Torque Decay with Special Activation 





Figure 48. Circuit Diagram for Actuation 
of Clutch 1-8 
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Figure 49. Static Slip Torque vs. Current 
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Figure 53. Torque Build-up as a Function of 






Figure 54. Circuit Diagram for Actuation 
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Figure 55. Static Slip Torque vs. Current 
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Figure 57. Torque Decay at Various 
Slip-Speeds for Clutch 1-4 
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Figure 61. Current Decay with Normal 




Table 5 and Table 6 are a key to the clutch manufac-
turers and clutch models considered in this investigation. 
The ©typical clutches tested in the experimental portion of 
this study were 1-4, 1-5, 1-8, and D-4* 
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50 Key to Clutch Manufacturers 
Manufacturer's Name  
General Electro-Mechanical Corporation 
Buffalo, New York 
American Precision Industries, Inc. 
Buffalo, New York 
Dynamic Instrument Corporation 
Plainview, Long Island, New York 
Magtrol, Inca 
Buffalo, New York 
Vickers, Inc. 
Electric Products Division 
Sto Louis, Missouri 
F A E Instrument Corporation 
Huntington Station, New York 
!fEC!S, Inc. 





Grand Rapids, Michigan 
Table 6D Key to Clutch Manufacturers' Clutch Models 




1 PMC-6-1 HYC-20 HFC-2.5 HCS-160 32D.103 F-160 CX42 5CC-1-1 3538B 
2 PMC-16-1 HYC-30 HFC-6.0 HCS-200 32D161 8C-1-1 892C 
3 PMC-30-1 HYC-35 HFC-16,0 HCS-300 32D.101 11C-1-2 890A 
4 PMC-35-1 HYC-40 HFC-32.0 HCS-500 32D145 15C-1-2 900AB 
5 PMC-120-1 HYC-45 HFC-110 HC-100 32D98 16C-1-1 878B 
6 PMC-175-1 HYC-50 HFC-200 HC-200 23C-1-1 917L 
7 PMC-350-1 HYC-55 HFC-350 HC-300 909 
8 FHYC-30 HC-500 3500C 
9 FHYC-45 HC-600 
10 FHYC-55 HC-700 
M 
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